Ground roll is one of the major types of coherent noise in land data. Attenuation of ground roll must be done before any further processing of desired signals such as P-wave reflections. Effective removal methods must take into count the following properties of ground roll: frequency dispersion, high amplitude and low velocity. In this paper, a method is designed to estimate the velocity of coherent noises: a combination of phase-matching and (p, ) domain wave field transformation. Both synthetic and real examples demonstrate that this method is easy to implement and can be used to effectively estimate the dispersion relation of coherent noises of different modes and separate these noises (e.g. ground rolls) from other useful signals.
Introduction
Ground roll usually has the properties of dispersive surface waves (Sheriff 2002 , Dobrin, 1951 . Characterized by low velocity, low frequency and high amplitude, ground roll must be suppressed before processing of any useful signals. Standard methods such as f-k filtering have difficulties in preserving the low-frequency components of reflections, which is important for inversion, when removing the low frequency noise. In addition, since ground roll possesses low velocity, it is almost always aliased in shot gathers. In addition, in 3D on receiver lines which are far from the shot; the ground roll and the reflections do not have any dip-differential. This imposes a requirement for fine sampling (of the shots) in the cross line direction. This makes f-k filtering difficult to implement in practice. Various methods have been designed to estimate surface waves and eliminate ground roll from seismic data (For example, Kim et.al., 1999 , Herrmann et.al. 1990 McMechan et.al. 1981 ). There are two distinct and inter-related steps needed for a successful ground roll removal. The first step is to compute the velocity, or more generally the elastic structure, of the shallow surface; the second step is to delimit the ground roll using the estimated velocity structure. The first step may be seen as an inversion process, the second part is basically a modeling process. Due to the intrinsic non-linear relation between velocity and ground roll, an iterative process may be needed to obtain the final results. If multi-component data are available, the ground roll can be effectively suppressed using adaptive polarization filters (De Meersman and Kendall, 2005; Jin and Ronen, 2005) . APF, however, are not applicable for single component data. The method described in this paper is applicable to conventional (single component) data. The most accurate method for estimating surface wave velocity is based on imaging principle (McMechan et.al. 1981 , Park et.al., 1998 : surface waves are first transformed into a different domain in which different modes of surface waves can be well separated. In this paper, we basically follow the ideas in McMechan (1981) , but we use phase-matching method to first remove the spatial aliasing of the shot records. We then estimate the dispersive relation of different modes of ground roll propagations which we can use to effectively model the ground roll.
Velocity analysis for coherent noise
Typical coherent noises are different from desired reflections in both propagation velocity and frequency components. Therefore, they can be separated in (p, ) domain. Here p is slowness and  is frequency. Ground roll waves have a certain p as a function of . Figure 1 (a) shows a shot gather containing a set of reflections and two modes of ground rolls. These two sets of modes of ground rolls have overlapping velocities but have different frequency components. The corresponding (p, ) domain representation is shown in Figure 1(b) . The dispersive relations between slowness and frequency of different signals are clearly separated. Relation between velocity (or slowness) and frequency is often nonlinear. Therefore the dispersion curve can be represented by several interpolating points, each of which a pair of (p, ). The simplest model is described by the following linear relation between phase slowness and frequency:
Here p=V -1 . Both p or V can be observed from the seismic data in f-k domain. Though the model is very simple, it works well for most the real data if one allows a spatially variable distribution of velocity within the survey area.
Phase-matching
If there is a linear relation between the traveltime of the ground roll and the distance between source and receiver, then linear moveout (LMO) will avoid spatial aliasing of the ground roll. Linear moveout in time domain is phase-matching in frequency domain, which is described by the following transformation: (, x) is, therefore, the key to the successful application of phase-matching. For typical spatially aliased shot gathers, it is desirable to first phase-match a specific mode of coherent noise so that aliasing is removed. Then apply velocity analysis as described above.
We will now show both synthetic and real data examples in the following sections.
Synthetic Example
Figures 2 shows the input synthetic data. (a) contains all the desired reflections. Figure 3 compares the f-k domain representations of original data (Figure 2d ), and that of the phase-matched data (Figure 2e ). After phase-matching, the ground rolls are concentrated at low wavenumber region and well separated from the signals. Also note that reflections are aliased in f-k domain after phasematching. The aliased signal after LMO does not significantly influence the estimation of ground rolls. Since we are trying to estimate the ground roll as accurately as possible, reflections are treated as noises. This is one of the advantages of the method in this paper. Figure 4 shows the estimated ground roll, the data after subtracting the ground roll and the exact solution. The AVO behaviors are well preserved. is the ground roll to be removed. Its amplitude is 10 times stronger than that of (b) but with same velocity. By adding (a), (b) and (c) together, we have (d), which is the input data to ground roll removal. (e) is the data after phase-matching using the velocity of (c).
Real Example
(a) 
